The character state data obtained for clusters defined in a previous phenetic classification were used to construct two probabilistic matrices for Streptomyces species. These superseded an original published identification matrix by exclusion of other genera and the inclusion of more Streptomyces species. Separate matrices were constructed for major and minor clusters. The minimum number of diagnostic characters for each matrix was selected by computer programs for determination of character separation indices (CHARSEP) and a selection of group diagnostic properties (DIACHAR). The resulting matrices consisted of 26 phena x 50 characters (major clusters) and 28 phena x 39 characters (minor clusters). Cluster overlap (OVERMAT program) was small in both matrices. Identification scores were used to evaluate both matrices. The theoretically best scores for the most typical example of each cluster (MOSTTYP program) were all satisfactory. Input of test data for randomly selected cluster representatives resulted in correct identification with high scores. The major cluster matrix was shown to be practically sound by its application to 35 unknown soil isolates, 77% of which were clearly identified. The minor cluster matrix provides tentative probabilistic identifications as the small number of strains in each cluster reduces its ability to withstand test variation. A diagnostic table for singlemembered clusters, constructed using the CHARSEP and DIACHAR programs, was also produced.
INTRODUCTION
The genus Streptomyces presents a particularly difficult problem for taxonomists. Its importance as a major source of antibiotics and other useful metabolites has resulted in the multiplication of so-called species, which has led to taxonomic confusion. It is, nevertheless, the role of taxonomists to provide more objective systems for the classification and identification of these important microbes. Most early attempts to group the several hundred Streptomyces species were made using a few subjectively chosen criteria. Such schemes are artificial and provide identifications of little predictive value. Numerical classification provides an alternative, producing a large amount of quantitative data on test reactions of strains within the clusters which are defined by overall similarity. Such data are useful for the construction of probabilistic identification matrices (Sneath & Sokal, 1973; Hill, 1974; Sneath, 1978) , which contain the minimum number of characters needed to discriminate between taxa and are less susceptible to test error than are other diagnostic systems.
The most comprehensive numerical classification of Streptomyces species to date used 139 unit characters to classify 394 type cultures of Streptomyces and other actinomycete genera into 19 major, 39 minor and 18 single-membered Streptomyces clusters at the 77.5% Ss, S-level (Williams et a/., 1983a) . These data were then used to construct a probability matrix for the identification of 23 phena which consisted of 19 Streptomyces, 2 Streptoverticillium and one Amycolatopsis rnediterranei major clusters, together with one minor cluster (Streptomycesfradiae) (Williams et al., 1983b ). This matrix, consisting of 41 characters and 23 phena, was shown to be theoretically and practically sound. However, its relevance to identification of streptomycetes was reduced by the inclusion of the Streptoverticillium and Amycolatopsis mediterranei phena and the exclusion of other Streptomyces phena. A separate probability matrix for Streptoverticillium species, using the classification data of Locci et al. (1981) was subsequently produced (Williams et al., 1985) .
Therefore, it was decided to complete this numerical taxonomic study by devising identification systems for all the major, minor and single-membered Streptomyces clusters defined by the classification of Williams et al. (1983a) . The construction and assessment of the identification systems were achieved by using a range of computer programs devised for such a purpose.
METHODS
Details of the origins, cultivation and preservation of strains, together with the definition and composition of clusters, were given by Williams et al. (1983~) .
Selection of clusters, Separate matrices were constructed for major clusters (four or more strains), minor clusters (two or three strains) and single-member clusters. The names of these phena were selected on the basis of nomenclatural priority, using the earliest validly described species in each cluster. All those clusters which were not allocated to the Streptomyces genus were excluded.
The major cluster matrix contained 26 clusters incorporating the 19 Streptomyces phena in the matrix of Williams et al. (1983b) . Five other Streptomyces major clusters were added to the matrix. These were S. microflavus, S. antibioticus, S. chromogenus, S.ji1ipinensis and the Kitasatoa cluster, the priority name of which is now Streptomycespurpureus (Goodfellow etal., 1986~) . In addition the three sub-clusters 1 A, 1B and lC, defined at the 81 % SSM S-level by Williams et al. (1983a) , were included separately in the new matrix as S. albidoJaw, S.
anulatus and S . halstedii respectively.
The minor cluster matrix contained 28 of the Streptomyces phena defined by . The Chainia poonensis cluster has been transferred to Streptomyces poonensis (Goodfellow et al., 1986b) .
Finally, a non-probabilistic diagnostic table for 24 single-member clusters of was produced. Of these, 18 Streptornyces single-member clusters were described in the classification study. The remaining six clusters were originally described as two-membered clusters but only one of the strains in each cluster was a Streptomyces type culture. These six clusters are 'Streptomyces alni', Streptomyces prunicolor, Streptomyces pyridomyceticus, Streptomyces bikiniensis, Streptomyces viridoflavus and Streptomyces ochraceiscleroticus.
Selection of the most diagnostic characters. Procedures for the determination of characters have been described by Williams et al. (1983a Williams et al. ( , b, 1985 .
The minimum number of characters required to differentiate between the phena in each matrix was selected from the 139 unit characters used to define the clusters .
(i) Initial selection of a reduced number of characters was achieved with the CHARSEP program (Sneath, 19793) , which was run separately for the data on the major and minor cluster matrices. This program provides several indices for each character. The index which proved to be most useful, as it is easy to comprehend and is not dependent on the number of characters examined, was the variance separation potential (VSP) derived from Sneath & Johnson (1972) . The 55 best scoring characters (i.e. highest VSP values) out of the original 139 were initially selected.
(ii) These 55 characters were then assessed and the number reduced by using the MOSTTYP program (Sneath, 1980 b) , which determines the theoretically best identification scores for the hypothetical median organism of each cluster. The DIACHAR program (Sneath, 1980a) was used to select a few additional tests to help differentiate poorlydefined clusters (i.e. those with low MOSTTYP scores). This program determines the most diagnostic characters for each particular phenon. Selection of the most diagnostic characters for the single-member clusters was achieved using the CHARSEP and DIACHAR programs. M O S~P cannot be used with single-member clusters.
Theoretical evaluation of the matrices. The matrices (reduced from 139 characters to 50 for the major cluster matrix, and to 39 for the minor cluster matrix) were then assessed in four ways.
(i) Data from the two matrices were again input to the M O S~P program, to obtain the theoretically best scores for the most typical member of each phenon.
(ii) The DIACHAR program was used to provide the sum of the diagnostic scores for the characters for each phenon, a high sum indicating that a cluster was well defined.
(iii) The probability of significant overlap between the clusters in each matrix was assessed by the OVERMAT program .
(iv) A strain from each cluster (or two if the number of strains exceeded 20) was selected at random. The test data for these strains (obtained from the results of Williams et al., 1983a) were input to the MATIDEN program (Sneath, 1979~) . This provides the three best identification scores for a known or unknown strain against a matrix and lists characters of the strain which are atypical of the phenon to which it best identifies. The identification coefficients determined were the Willcox probability (Willcox et al., 1973) , taxonomic distance and standard error of taxonomic distance. With the Willcox probability a score approaching 1.0 indicates a high likelihood of identification ; low scores for taxonomic distance (less than 0.3) indicate relatedness; and acceptable values for the standard error of taxonomic distance areless than about 2.0-3-0, with negative values showing that the unknown is closer to the centroid than average.
Theoretical evaluation of the single-member clusters was not possible. Practical evaluation ofthe major cluster matrix. This matrix was further evaluated by using it for the identification of 35 soil isolates, some of which had been identified using the original matrix (Williams et al., 19836 ) with a Willcox probability of > 0.85.
The 50 characters in the newly constructed major cluster matrix were determined for these isolates, using the test methods of Williams et al. (1983a, 6 ). The test data were assessed against this matrix using the MATIDEN program to determine identification scores.
The reproducibility of the test results was assessed by examining the agreement between the 29 tests common to the original identification matrix (Williams et al., 19836 ) and the new major cluster matrix. Both sets of data were used to calculate the test variances and the average probability of an erroneous test result (Sneath & Johnson, 1972) .
RESULTS

Construction and composition of matrices
The major cluster matrix consisted of 26 phena, comprising a total of 307 strains, and 50 characters ( Table 1) . The characters covered a wide range of attributes, including morphology, pigmentation, antibiosis, antibiotic sensitivity, growth tolerances and nutritional requirements. Of the 50 characters, 29 were in common with the original matrix (Williams et al., 1983b) . The minor cluster matrix consisted of 28 phena (71 strains) and 39 characters, 26 of which were in common with the major cluster matrix ( Table 2 ). The diagnostic table for single-member clusters (Table 3) contained 24 phena and 37 characters, 30 of which were shared by the major cluster matrix. Nineteen characters were common to both matrices and the diagnostic table. Sneath (19793) recommended selection of characters with a VSP of >25% where possible. This was achieved for the minor cluster matrix, where scores ranged from 45.50% (Rectgexibiles spore chains) to 74.1 3 % (utilization of sodium propionate) (Table 4 ). However, with the major cluster matrix some tests with high VSP scores were excluded due to practical difficulties in their determination (e.g. growth at 4 "C with a VSP score of 33.15 % was excluded as it requires 6 weeks incubation). Also excluded was the presence of smooth spores (VSP of 29.21 %) as this requires examination by scanning electron microscopy, while other characters with low scores were shown by the DIACHAR program to be useful for differentiating particular clusters. Thus, the VSP scores for the tests included ranged from 6.62% (red-orange mycelial pigment) to 55.30 % (melanin production on peptone/iron agar).
Theoretical evaluation of matrices A summary of the scores obtained for both matrices by the various programs is given in Table 4 .
The MOSTTYP program gave good scores for the hypothetical median organism of all clusters in both matrices. Willcox probabilities were high, with only S. diastaticus in the major cluster matrix scoring less than 0.999; values for taxonomic distance were low and those for its standard error were all negative. The results compare well with those obtained for the original matrix by Williams et al. (19833) , where Willcox probabilities ranged from 0.974 to 1.000.
The sums of diagnostic scores provided by the DIACHAR program for the major cluster matrix ranged from 10.81 (for S. diastaticus) to 20.36 (S. purpureus), improving on the original matrix scores of 9.36 to 18.56. Scores for the minor cluster matrix were even better. It should be noted that the values obtained are dependent on the number of characters examined, so the criterion albus (6) griseoviridis (6) cyaneus (38) diastaticus (20) olivaceoviridis (7) griseoruber (9) lydicus (1 1)
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The OVERMAT program indicated that only one pair of clusters in the major cluster matrix exceeded 5 % overlap, S. cyaneus and S. rnicrocflauus showing 5.17 % overlap. None of the clusters in the minor cluster matrix had an overlap exceeding 1%. The identification scores for randomly selected cluster representatives, provided by the MATIDEN program, were inevitably inferior to those for the hypothetical median organisms. Nevertheless, with three exceptions, all representatives of major and minor clusters identified to the correct phenon with Willcox probabilities > 0.900, low taxonomic distance and standard errors. In the major cluster matrix, S. glomeraurantiacus (ISP 5429) identified to its parent cluster (S. diastaticus) with a Willcox probability of only 0.671, unlike the other representative of this cluster, which had a high score. Two representatives of minor clusters, S . lusitanus (ISP 5568) and S. uarsoviensis (ISP 5346) identified with high Willcox probabilities but with standard errors of taxonomic distance exceeding 3.00.
Practical evaluation of major cluster matrix
As with the evaluation of the original matrix, a minimum Willcox probability of 0.85 was selected as the prime criterion for identification of unknown strains. All the isolates had been previously tested against the original matrix and were selected to provide a balance between strains identifying and those not.
The new matrix identified a substantial proportion of both groups (Table 5 ) and the overall percentage of identifications was higher than with the original matrix. Four of the isolates changed their identifications against the new matrix with good scores. This was mainly due to test error in the original determinations.
Comparison of the earlier and current determinations of the 29 tests shared by both matrices on the same strains showed a probability of error of 13.4%. This reflected the problems of reproducibility between different operatives in varying laboratory conditions, but the identification results underline the resilience of probabilistic systems.
DISCUSSION
Numerical classifications result in objective groupings based on a large number of phenetic characters. They also sometimes lead to a reduction in the number of taxa. Such an approach to streptomycetes using 139 unit characters led to the distribution of 394 type species between 77 clusters at the 77.5% SsM S-level (Williams et al., 1983~) . The clusters were regarded as species, which were relatively small and homogeneous, or as species groups, which were larger and heterogeneous. The distinction between these two categories was not always clear, but the subsequent application of other techniques has clarified the status of some clusters. Thus Mordarski et al. (1986) obtained good congruence between numerical phenetic and DNA homology data for strains assigned to the clearly delimited S. albidoJEavus sub-cluster. In contrast, the SIMCA statistical analysis of fatty acid data supported the view the S . cyaneus cluster was heterogeneous (Saddler et al., 1987) .
Such studies also provide large reference data banks which can be accessed for a variety of purposes, including, for example, the formulation of selective isolation procedures (Vickers et al., 1984) . However, it is their large data content that militates against their usefulness for the identification of unknown strains, which is an important aspect of taxonomy. Comprehensive classification data can, however, be used to develop matrices for probabilistic identification containing the minimum of characters needed to discriminate between the clusters (Hill, 1974) . Such a system has many advantages over monothetic sequential keys, which are very susceptible to test ranking and test error (Sneath, 1974) . Such matrices have been constructed for several bacterial genera, including Streptomyces (Williams et al., 1983 b) and Streptoverticillium (Williams et al., 1985) . In the present study, an attempt was made to extend the number of streptomycetes which could be identified probabilistically.
The matrices for major and minor clusters, based on a total of 378 strains, were shown to be theoretically sound and superior to the original matrix (Williams et al., 1983b) . Scores for the major cluster matrix were somewhat poorer, reflecting the variation in size and homogeneity of its clusters. Nevertheless, some care is needed when using the minor cluster matrix. With only two or three strains per cluster, cluster boundaries may not be so well defined, so there is less allowance for inherent variability of strains of a taxon (Sneath, 1979~) .
The data for single-member clusters cannot be used for probabilistic identification, but a diagnostic table for these species was included to give some guidance for dealing with unknowns not identifying to the matrices.
The practical evaluation of the major cluster matrix against soil isolates was a relatively limited exercise. The overall percentage of identification (77 %) was satisfactory, particularly as a proportion of the strains failing to identify to the original matrix were deliberately included in the assessment. Despite this, the success rates compares well with those of other probabilistic systems, such as 70.8% for Gram-negative non-fermentative rods (Lapage et al., 1973) , 50.5% for 'coryneforms' (Hill et al., 1978) , 47% for slowly-growing mycobacteria (Wayne et al., 1980) , 79.4% for vibrios (Dawson & Sneath, 1985) and 89.2% for Gram-negative fermentative bacteria (Holmes et al., 1986) . Most of these workers used higher levels of Willcox probability for identification, but, with the exception of the 'coryneforms' and mycobacteria, they were dealing with more tightly defined phena. Our matrices and diagnostic table will, therefore, help to improve the efficiency and objectivity of streptomycete identification, but some problems remain. In particular, not all validly described Streptomyces species, of which there is still a steady stream, have been characterized on a sufficiently broad phenetic base to allow their accurate classification and incorporation in the matrices. 
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Another problem is the need for two matrices, and a diagnostic table, which do not have all tests in common. The size and diversity of the genus make it difficult to construct a single, workable identification matrix. Thus, unknowns should be tested initially against the major clusters and then if necessary against the minor and single-member clusters. It may be possible eventually to construct a small, preliminary or 'super' matrix to determine the most appropriate choice of identification system. Such a scheme was used by Davis et al. (1983) for identification of marine bacteria. Another, more satisfactory, possibility is that the widespread use of these two matrices will provide new strains assigned to minor clusters, facilitating their delimitation and inclusion in the major matrix.
Nevertheless, the current problem is the large number of tests still needed for a correct identification, again reflecting the diversity of streptomycetes. New programs (authors' unpublished data) may help to reduce the theoretical minimum number required, and automation of testing procedures is increasing. The use of more rapid tests, such as those applied to representatives of numerically defined Streptomyces groups by Goodfellow et al. (1987) , is another promising approach to this problem. This work was supported by a research grant from the Science and Engineering Research Council.
